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STUDY  OF  ARTICULATED  CONCRETE 
REVETMENT  MATTRESS:  TEST  AND 
ANALYSIS-RESULTS  OF  FY  1974 
PROGRAM 

1  INTRODUCTION 

Background 

The  Lower  Mississippi  Valley  Division  of  ihe  Corps 
of  engineers  uses  some  600,000  articulated  concrete 
mattresses  (mats)  every  year  as  revetments  in  the 
Mississippi  River  to  stop  the  water  from  eroding  its 
banks  and  to  maintain  navigation  channels.  The  4  It  x 
25  ft  mats  are  composed  of  20  concrete  blocks  con¬ 
nected  and  reinforced  with  stainless  steel  or  copper- 
coated  steel  wire.  (See  Appendix  A  for  a  detailed 
description  of  the  mats.) 

A  value  engineering  study  has  indicated  that  sub¬ 
stantial  economic  benellts  could  be  achieved  by  chang¬ 
ing  the  design  of  these  mats.  In  March  l‘)72,  tiie  U.S. 
Army  Construction  Lngineeiing  Research  Laboratory 
(CKRL)  was  asked  to  determine  the  magnitude  and  dis¬ 
tribution  of  forces  developed  during  launching  of  the 
mats.  An  analytical  study  was  also  ret|ucsted  in  order 
to  provide  guidance  for  design  changes  in  the  mat 
structure. 

CLRL  conducted  field  tests  during  the  launch  sea¬ 
son  August  througli  December  1V72.  The  analytical 
study  and  laboratory  tests  began  at  the  same  time  and 
continued  until  June  1973.  The  results  rrf  that  program 
were  reported  in  CLRL  Interim  Report  M-84.'  ^ , 

The  major  observations  of  the  initial  study  were:  (1 ) 
that  the  bracket  wires  and  longitudinal  wires  had  much 
more  than  adequate  strength,  and  (2)  that  the  highest 
forces  in  the  longitudinal  wires  were  occurring  on  the 
launch  plant  as  the  mat  went  over  the  side.  It  was  rec¬ 
ommended  that  the  possibility  of  using  two,  rather 
than  three,  4000-pound  breaking  strength  longitudinal 
wires  be  investigated. 

Objective 

The  primary  objective  of  this  study  was  to  investi¬ 
gate  the  structural  feasibility  of  a  two-longitudinal-wire 
mat.  A  secondary  objective  was  to  confirm  the  experi- 


*1'.  Kearney  and  I-'.  Plummer,  Study  of  Artiailatcd  Con- 
creti  Revetment  Mattress:  Test  and  Analysis,  Interim  Kepurt 
M-84  (Construction  engineering  Research  Laboratory  |CLRL|, 
1974). 


mental  results  contained  in  the  previous  report  and  to 
demonstrate  the  validity  of  the  conclusions  when 
applied  to  the  Corps  of  Engineers  Vicksburg  Dis¬ 
trict  sinking  unit.  This  unit  had  not  been  tested  in  the 
FY73  study,  and  differs  in  some  possibly  significant  as¬ 
pects  from  the  Memphis  District  sinking  unit  which 
had  been  tested. 

Approach 

This  program  consisted  of  two  principal  efforts:  (1 ) 
expansion  of  the  previous  analysis  to  describe  the 
structural  behavior  and  force  db^ributions  in  fabrics  of 
various  wire  configurations,  a.id  (2)  extensive  field 
testing  to  provide  sufficient  data  to  compare  loading 
characteristics  of  two-  and  three-wire  fabiics. 

Laboratory  tests  were  conducted  as  needed  to  mea¬ 
sure  parameters  required  for  the  analytical  model,  and 
to  determine  properties  of  materials  not  previously 
tested.  Mechanical/electrical  force  gages  developed  for 
the  LY73  study  were  used  for  the  field  tests.  (The 
principle  of  this  gage  is  described  in  the  previous  report 
and  is  discussed  in  more  detail  in  Appendix  B  of  this 
report.) 

Specifically,  the  following  were  included  in  the 
program: 

1 .  Determine  why  the  stresses  in  the  longitudinal 
wires  drop  to  very  low  levels  when  the  mattress  enters 
Ihe  water, 

2.  Perform  slippage  tests  on  the  bracket  wire/launch 
cable  connections. 

3.  Expand  the  analysis  of  stress  distribution  among 
the  longitudinal  wires. 

4.  Conduct  laboratory  tests  to  measure  stiffness 
changes  in  the  bracket  wire/launch  cable  connection  as 
the  exposure  of  bracket  wire  in  the  scarf  box  is  in¬ 
creased  in  1 /2-in.  increments. 

5.  Measure  the  stress  developed  in  the  longitudinal 
wires  between  internal  blocks  of  a  square  by  electronic 
strain  gages  as  the  mattress  is  launched. 

2  FIELD  TESTS  AND  RESULTS 

General 

Force  levels  measured  on  the  Memphis  District  and 
Vicksburg  District  sinking  units  during  the  FY74 
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launching  season  appear  in  Appendix  C.  Figure  1 
is  a  histograin  suininari/ing  lire  field  data  in  500-lb  in¬ 
tervals.  The  histogram  for  the  FY7.?  field  tests  is  in¬ 
cluded  in  Figure  2  for  comparison.* 

Since  the  distribution  of  hydrodynamic  forces  on 
the  mat  (Figure  .f)  shows  tlial  the  maximum  pressure 
force  occurs  close  to  the  mal’s  upstream  edge,  most  of 
the  gages  were  installed  in  square  three.  It  was  usually 
not  possible  to  gage  squares  one  and  two  because  of 
double  layering  of  mattress  squares. 

Table  I  lists  the  river  velocity  measurements  at 
rcprc.sentative  revetments.  Tliese  measuiements  were 
made  on  the  off-shore  end  of  the  mooring  barge  with  a 
current  meter.  Bracket  wires  were  instrumented  at 
Burnside,  Plaquemine,  and  Allendale,  LA  all  deep¬ 
water  locations  with  some  mats  having  17  to  IS 
launches.  The  purpose  of  tlicse  tests  was  to  determine 
if  the  bracket  wires  liad  substantial  load  levels  in  multi¬ 
ple-launch  situations;  the  data  show  this  did  not  occur. 
(See  Appendix  C  for  raw  field  test  results.) 


LOAD  RAUGL  (lbs  >  1000) 


Tests  to  Determine  Effect  of  Finger  Apron 

on  Longitudinal  Wires 

The  FY72  tests  indicated  that  the  largest  stress 
levels  were  being  induced  in  the  lungituditiul  wire  as 
the  launch  passed  over  the  edge  of  the  plant,  particular¬ 
ly  over  the  finger  apron  used  to  place  the  first  launch. 
Figure  4  shows  these  sharp-radius  (i.e.  I  ft.  7  3/4  in.) 
fingers  and  the  arrow  in  Figure  5  indicates  this  radius 
on  the  launch  plant.  When  the  blocks  traverse  this 
curve,  large  tensile  forces  occur.  Chapter  4  details  the 
geometry  and  force-time  histories  of  the  mat  at  this 
point  on  the  plant. 

To  further  study  the  cflcct  of  these  large  tensile 
forces,  two  tests  were  conducted  7  November  1973  on 
mats  five  and  six  at  Baleshed,  MS,  Three  longitudinal 
gages  were  installed  on  tnat  five  between  launches  eight 
and  nine.  The  three  longitudinal  wires  were  cut  at  the 
end  blocks  as  shown  in  Figure  6;  with  this  condition, 
the  only  force  that  constrained  the  two  end  blocks  to 
follow  the  sharp  curve  of  the  fingers  was  the  torsional 
force  of  the  bracket  wires  and  the  weigltt  of  the  blocks. 
As  can  be  seen  in  Figure  6.  gage  108  (upstream  wire) 
indicated  0.4  kips,  gage  123  (center  wire)  indicated  0 
kip,  and  gage  312  (downstream  wire)  indicated  0.25 


*Since  the  objective  of  the  I  Y73  testing  was  to  study  the 
feasibility  of  a  16-bloek  square,  there  is  a  preponderance  of 
bracket  wire  data  in  f  igure  2,  because  it  was  thought  that  this 
element  would  be  the  v  eakest  link  for  the  16-block  array. 


Figure  1.  Summary  of  FY74  tesls  dislrtbution  of 
tneasured  forces. 


LOAD  BANCe  (LBS  1 1000) 


Figure  2.  Summary  of  FY73  tests  distribution  of 
measured  forces. 
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Figure  3.  Pressure  forces  on  two-block  ui  its  along  the  strip  of  maximum  velocity. 


kip.  Three  gages  were  installed  on  the  same  mat  be¬ 
tween  the  tenth  and  eleventh  launches,  with  only  the 
center  longitudinal  wire  lUt  at  the  end  blocks  as  shown 
in  Figure  7.  With  this  condition,  the  end  blocks  were 
constrained  by  the  outer  wires  and  thus  followed  the 
curve.  The  center  longitudinal  wire  could  not  carry  any 
load  from  the  mat  since  the  cut  ends  prevented  it  from 
being  a  continuous  member.  However,  gage  103  on 
the  center  wire  indicated  a  load  of  2.0  kip  which  can 
only  be  attributed  to  the  load  induced  by  the  blocks 
being  “forced”  around  the  finger  radius. 

A  repeat  of  this  test  on  mat  six  showed  a  load  of  2.1 
kip  (gage  139)  in  the  center  wire,  again  due  to  the 
geometry. 

Flectrical  instrumentation  used  at  Marchant.  Allen¬ 
dale,  and  Tuint  Breeze,  LA  consisted  of  str.  !n  gages 
bonded  directly  to  the  longitudinal  wiies  between 


blocks  in  the  mid-section  of  squares,  and  mechanical 
gages  modified  to  produce  an  output  signal  propor¬ 
tional  to  force  (Figure  8).  This  instrumentation  pro¬ 
vided  a  continuous  force-time  history.  These  tests  con¬ 
firmed  results  of  the  electrical  gage  tests  conducted  at 
Burnside,  LA  in  December  1972,  which  showed  that 
the  peak  force  occurred  at  the  finger  apron. 


3  LAB  TESTS 

Tests  to  Determine  Effect  of  Changing  Scarf  Box 

One  recommendation  resulting  from  the  FY73  work 
was  to  investigate  the  change  in  the  stiffness  of  the 
bracket  wire/launch  cable  connection  as  more  bracket 
wire  is  exposed  in  the  scarf  box.  A  reduction  in  this 
stiffness  would  allow  the  connection  to  accommodate 
larger  deflections  during  abnormal  launch  conditions. 


9 


Table  I 


Velocity  Summary 


Location  (Date) 

lialeslicd,  MS  (7  Nov) 

Coocliie,  LA  (1 2  Nov) 

"  (13  Nov) 

Pt.  Hrcc/c,  I.A  (14  Nov) 

”  (15  Nov) 

Pi.  Pleasant,  LA  (4  Dec) 

liurnside,  LA* 

Marcliant,  LA* 
Plaqueinine,  LA* 
Allendale.  LA* 


Distance  from  I'/cpt 
Stiorc  (ft) 

135  5 

10 
15 

300  10 

15 
20 
25 

360  5 

in 

25 

5 

10 

15 

20 

25 


360 

5 

10 

15 

20 

360 

5 

10 

15 

20 

300 

10 

20 

300 

10 

20 

300 

10 

20 

(ft)  Velocity  (ft/sec) 


2.25 

2.75 
2.6 

3.9 

3.13 

2.75 
3.2 

3.47 

3.26 
2.9K 

5.31 

5.06 

5.06 

5.06 

4.95 

4.5 

4.35 

4.5 

4.15 

3.89 

3.8 

3.84 
4.42 

4.85 
4.73 


4.25 

4.28 

4,1 

4.3 

5 

5 

5 

5 


*Velocity  measurements  wc.e  not  actually  made  at  these  locations,  but  the 
estimated  velocities  were  5  ft/scc. 


10 


Figure  8.  Mechanical  gage  modilietl  to  produce  an 
electrical  signal  proportionai  to  force. 


A  series  of  out-of-plane  load/detlection  tests  was 
performed  with  the  wire  exposure  increased  l/H  in.  for 
each  succeeding  test.  The  first  test  was  run  with  the 
exposure  ot  protrusion  that  existed  in  the  unmodified 
mats  7/8  in.  and  the  last  test  at  2  1/8  in. 

The  magnitude  of  the  dellection  at  4000  lbs  was 
noted  for  each  protrusion  and  plotted  (Figure  9). 
This  deflection  did  not  change  significantly  until  the 
protrusion  approached  2  in. 

Slippage  Tests  on  Bracket  Wire/Launch  Cable 

Connections 

Tests  conducted  in  FY73  indicated  an  average  slip¬ 
page  resistant  force  of  1600  lbs  for  copper-clad  bracket 
wires  and  350  lbs  for  stainless  steel:  copper-clai!  wraps 
were  used  in  both  cases.  When  these  tests  were  repeated 
in  FY74,  however,  the  average  slippage  force  for  both 
stainless  steel  and  copper  clad  was  350  lbs.  I  oi  the 


citpper-clad  wire,  the  most  probable  cause  of  this  re¬ 
duced  force  could  be  the  presence  of  oil  which  im¬ 
paired  the  binding  effect. 


4  ANALYTICAL  ANALYSES  AND 

RECONCILIATION  WITH  FIELD  DATA 

Basis  for  Analyses 

Ihe  fiisi  phase  of  the  test  program  was  conducted 
Septemner-December  1973.  Electrical/mechanical  gages 
were  used  to  determine  the  location  and  nature  of  the 
maximunt  longitudinal  wire  force.  The  time  history  re¬ 
corded  Irom  these  gages  revealed  that:  (1)  the  gages 
weie  not  loarled  simultaneously  nor  to  the  same  level, 
and  the  loading  was  very  erratic:  (2)  the  maximum 
foices  occuiicd  as  the  mat  began  its  descent  over  the 
edge  ot  the  launch  barge:  and  (3)  by  the  time  the  gages 
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Figure  9.  Out-of-planc  deflection  at  4000  lbs  vs.  bracket  wire  protrusion. 


entered  the  water  and  left  the  influence  of  the  launch 
barge,  the  forces  had  diminished  significantly  and  ap¬ 
peared  to  be  redistributed  among  the  longitudinal 
wires.  To  explain  these  phenomena,  the  second  phase 
of  the  test  program  in  October-December  1973  was 
structured  to  include  special  tests  to: 

1.  Determine  why  the  forces  in  tlie  longitudinal 
wires  decrease  when  the  mat  enters  the  water 


2.  Investigate  force  distribution  among  the  three 
longitudinal  wires. 

Scopo  of  Analyses 

An  elaborate  simulation  model  of  the  behavior  of 
an  articulated  concrete  mattress  was  not  undertaken, 
because  a  mat  is  a  complicated  structural  assemblage 
and  is  subjected  to  a  series  of  dynamic  forces  of  unde- 
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tcrinined  magnitude  during  die  launehing  process. 
Instead,  tlie  analyses  were  restricted  to  simple  static 
calculations  and  analytical  models  which  could  provide 
insight  into  the  general  behavior  of  the  mattress  and 
could  be  correlated  with  the  Held  data. 

/Analyses 

During  the  launch  process  several  factors  induce 
forces  in  the  longitudinal  wires.  Included  among  these 
arc: 

1 .  Static  friction  between  the  mat  and  the  rollers 

2.  Rolling  friction  between  the  mat  and  the  rollers 

3.  Sliding  friction  between  the  mat  and  the  launch¬ 
ing  barge  edge 

4.  The  sharp  curvature  occurring  as  the  mat  tra¬ 
verses  the  launch  finger  apron 

5.  Fluid  forces  on  the  submerged  mat 

(i.  The  weight  of  the  submerged  mat 

7.  Inertial  effects. 

However,  time-history  records  from  the  electrical/ 
mechanical  gages  used  in  the  field  tests  indicated  that 
the  peak  longitudinal  forces  were,  in  general,  associated 
with  the  mat’s  progress  over  the  edge  of  the  launch 
plant.  At  this  stage  in  the  launch  operation.  Ibrccs  pro¬ 
duced  by  the  angle  change  a.ssociatcd  with  the  mat 
traversing  the  launch  finger  iproii  would  be  most 
likely  to  cause  the  peak  forces. 

The  basic  cross-sectional  dimen.sions  and  .spacings  of 
a  typical  concrete  end  block  of  a  square  are  shown  in 
Figure  10.  A  typical  block  is  3  in.  thick  and  14  3/H  in. 


in  length  at  the  bottom.  The  interstitial  spacing  be¬ 
tween  the  blocks  is  1  in.  at  the  top  and  tapers  to  5/8 
in.  at  the  bottom.  The  end  block  spacing  is  a  constant 
1/2  in.  Fnd-twist-tie  connections  are  installed  at  the  end 
block  which  has  the  constant  spacing  of  1/2  in.;  how¬ 
ever.  because  the  amount  of  slack  associ;  led  with  the 
end-twist  connection  is  unknown,  it  was  decided  to 
use  the  interstitial  spacings  to  determine  the  angle 
change  of  the  mat  as  it  follows  the  curvature  of  the 
launch  finger  apron. 

The  launch  finger  apron  (Figure  4)  has  a  radius  of 
1  ft  7  3/4  in.  If  adjacent  blocks  in  a  square  are  con¬ 
sidered  to  be  rigid  and  arc  assumed  to  adopt  a  con¬ 
figuration  where  they  remain  tangent  to  the  radius  of 
the  launch  finger  (Figure  1 1 ),  lower  corners  of  the  ad¬ 
jacent  blocks  will  meet  and  the  longitudinal  wire  will 
undergo  strain.  The  angle  change  a.ssocialed  with  this 
configuration  is  3‘)°  54'  43”  and  change  in  length  of 
the  longitudinal  wire  is  0.465  in.  That  change  in  length 
corresponds  to  an  average  strain  of  approximately 
0.437  in  ./in.  This  would  produce  fracture  of  the  wire 
since  the  failure  strain  of  the  wire,  detertnined  by 
laboratory  testing,  was  about  0.015  in  ./in. 

Results  of  this  simple  calculation  prompted  further 
examination  of  the  possible  angle  change  which  adja¬ 
cent  blocks  could  assume  without  inducing  fracture 
strain  in  the  longitudinal  wires.  For  these  calculations, 
the  three  configurations  shown  in  Figure  12  were 
assumed  to  represent  conditions  that  might  exist  in 
the  field.  In  the  first  and  second  configurations  the 


Figure  10.  Block  dimensions  and  spacings. 


blocks  were  assumed  lo  lock  at  their  lower  corners, 
while  in  the  third  configuration  one  block  was  allowed 
to  ride  up  on  the  other.  In  the  llrsi  configuration  the 
longitudinal  wire  was  assumed  to  adopt  a  curvature 
that  produced  an  angle  change  of  2.1°  .Id’  2ff’.  l-or  tlie 
second  configuration,  the  longitudinal  wire  was  as¬ 
sumed  to  remain  straight  and  the  angle  change  was 
computed  to  be  24°  .13’  25”.  In  the  third  configura¬ 
tion  the  angle  change  was  25°  14’  21”. 

The  angle  change  that  can  occur  in  (he  blocks  with¬ 
out  causing  failure  strain  was  computed  to  be  only 
about  60  percent  of  the  maximum  angle  change  the 
blocks  might  experience  while  traversing  the  launch 
linger  apron.  It  was  anticipated  that  any  force  in  the 
longitudinal  wires  induced  by  the  weight  of  the  mat  sus¬ 
pended  below  the  launch  finger  apron  might  result  in 
sufficient  force  for  the  mat  to  experience  an  angle 
change  larger  than  21°  to  25°  and  liius  produce  the 
peak  force  in  the  longiludinal  wires. 

It  was  also  recog-ii/ed  that  several  potential  effects 
could  be  responsible  for  the  40  percent  difference  be¬ 
tween  (1)  the  angle  change  the  blocks  eould  undergo 
without  breaking  the  longitudinal  wires,  and  (2)  the 
angle  change  associated  with  the  launch  finger  apron. 
These  effects  are: 

1.  Cru.shing  of  the  concrete  at  the  lower  corners  of 
the  blocks  when  the  blocks  lock  up 

2.  Different  spacings  between  the  blocks 

1.  Different  radii  for  the  launch  finger  aprons 

4.  The  effective  angle  in  the  launch  finger  apron 
being  less  than  19°  59’  41”. 


5.  ('lushing  of  the  concrete  around  the  points 
where  the  longitudinal  wires  enter  and  exit  the  block, 
caused  by  high  bearing  stress  imposed  by  deformation 
of  the  longitudinal  wires  as  the  blocks  traverse  the 
launch  finger  apron. 

6.  I’lacement  of  the  longitudinal  wires  at  other  than 
mid-height  of  the  block. 
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Figure  1 1 .  Angle  change  at  launch  linger  aprtm. 
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Figure  12.  Potential  angle  change  configurations. 
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or  all  llicsc  elTet’ts,  t|ip  nuKi  luj'ical  :ip- 

pearud  to  be  tha!  the  effective  angle  change  experi¬ 
enced  at  the  launcl;  finger  apron  is  less  than  39°  S9’ 
+3”.  If  lauiiv+i  tvCTC  rcliacfti  nr.sTC  ikar.  ic 

shown  in  Figure  4.  the  angle  change  experienced  by  the 
blocks  would  decrease.  Likewise,  if  the  blocks  did  not 
iully  cuilluiili  tu  the  laundi  tlligei  ajiion  ladiUs  i.e.,il 
the  lead  block  were  restrained  from  conforming  to  the 
launch  finger  apron  radius  by  the  foice  m  the  longiiu- 
dtnol  Ttirrs  an  efYLCAiVc  ar.-g^e  change  Icssihar.  .''‘*° 

43”  would  also  result. 

The  field  data  were  analyzed  to  determine  it  they 
supported  the  theory  that  the  maximum  for  es  were 
occurring  as  the  mat  traversed  the  launch  linger  ap.oii 
and  that  these  forces  were  being  induced  in  the  longi¬ 
tudinal  wires  as  a  result  of  an  angle  or  curvature  change 
other  than  that  caused  by  actual  forces  being  applied 
to  the  mat  and  then  transmitted  to  the  l()r!gitudinal 
wires.  The  firsi  field  data  which  tended  to  confirm  this 
theory  were  the  results  of  the  special  tests  conducted 
at  Baleshed,  MS,  on  7  November  1973  (see  Chapter  3 
for  details).  When  all  the  longitudinal  wires  on  either 
side  of  the  end  block  were  cut,  the  torsional  spring 
constant  of  the  bracket  wires  was  the  only  force  re- 
strainitig  the  -docks  against  rotation  as  they  traversed 
the  launch  finger  apron  curvature,  hi  this  particular 
test  the  sum  of  the  three  forces  recorded  by  the 
tncchanical  gages  connecting  the  two  end  blocks  was 
O.b.S  kip.  On  a  similar  test  only  the  outer  longitudinal 
wires  on  either  side  of  the  end  block  were  cut,  while  the 
other  two  outer  longitudinal  wires  were  left  intact,  l  or 
this  particular  test  the  sum  of  the  three  forces  recorded 
by  the  mechanical  gages  connecting  the  two  end  blocks 
was  7.90  kips. 

Since  the  results  from  the  special  tests  perl ormed  at 
Baleshed,  MS  tended  to  support  the  theory  that  tire 
forces  induced  in  the  longitudinal  wires  were  produced 
by  the  angle  changes  associated  with  the  launch  finger 
apron,  it  was  decided  to  analyze  the  end  connection 
force  data  recorded  by  the  mechanical  gages  in  the 
two-  and  three-gage  configurations.  Theoretically,  if 
the  peak  forces  induced  in  the  longitudinal  wires  were 
attributable  to  the  angle  change  at  the  launch  finger 
apron,  the  total  connection  force  would  be  propor¬ 
tional  to  the  number  of  longitudinal  wires;  i.e.  the  total 
force  for  the  two-gage  configuration  would  be  two- 
thirds  of  the  total  force  for  the  three-gage  configura¬ 
tion.  (Note  that  for  the  two-gage  configuration  the  cen¬ 
ter  end-twist-tie  connection  was  not  installed;  conse¬ 
quently  the  two  mechanical  gages  installed  on  the 
outer  longitudinal  wires  carried  all  the  force  transmit¬ 


ted  between  squares  In  the  case  of  the  three-gage  con¬ 
figuration,  however,  the  three  wires  do  not  carry  equal 
loads  because  of  dimensional  variations  in  assembling 
iVrj  wW  Tffl  slve  tewiA  ptev.t.  l  AThc  Wkrty 

to  carry  only  a  percentage  of  the  average  of  the  force 
being  carried  by  the  two  gages  which  initially  define  a 

-stt  ui^ht  ItTic . 

Table  2  summarizes  the  two-gage  connection  force 

for  the  two-gage  configuration  was  4.79  kips,  with  a 
standard  deviation  of  1.76  kips.  Table  3  summarizes 
the  three-gage  connection  force  measurements  and  in¬ 
dicates  at  the  average  total  lorce  for  this  configuration 
was  6.5.5  kips,  with  a  standard  deviation  of  2.43  kips. 
Based  on  these  average  values,  the  ratio  of  the  total 
iwo-gage  connection  force  to  the  total  three-gage  con¬ 
nection  force  is  0.74  which  is  about  10  percent 
higher  than  the  theoretical  value  of  0.67.  This,  how¬ 
ever,  does  not  include  a  correction  for  the  fact  that  one 
gage  of  the  three-gage  configuration  is  not  100  percent 
effective.  To  estimate  the  effectiveness  of  that  gage  for 
each  set  of  three-gage  data,  the  smallest  gage  force  was 
divided  by  the  average  of  the  two  larger  gages;  the  re¬ 
sults  of  this  calculation  appear  in  Table  3.  Based  on  the 
20  sets  of  data,  the  smallest  gage  force  was  an  average 
of  63  percent  rrf  the  average  of  the  two  larger  gage 
forces  I.C.,  one  end-twist -tie  connection  is  only  63  per¬ 
cent  effective.  Consequently,  the  average  force  of  6.55 
kips  for  the  three-gage  configuration  must  be  corrected 
by  the  factor 

J-£=  1.14 

2.63 

to  compensate  for  the  fact  that  on  the  average  only 
2.63  gages  were  fully  effective.  Applying  this  correc¬ 
tion  factor  results  in  an  average  tliree-gage  force  of 
7.47  kips.  If  the  mat  assembly  tolerances  were  such 
that  the  three  gages  were  fully  effective,  7.47  kips 
would  be  the  average  total  force  for  the  three-gage  con¬ 
figuration.  The  ratio  of  the  average  values  of  the  total 
two-gage  connection  force  to  the  corrected  total  three- 
gage  connection  force  now  becomes  0.64.  This  ratio 
compares  extremely  favorably  (with  1/2  percent)  with 
the  theoretical  value  of  0.67. 

Although  the  results  of  this  analysis  were  encourag¬ 
ing,  it  was  necessary  to  determine  the  force  induced  in 
the  longitudinal  wire  by  the  submerged  mat  hanging 
vertically  in  the  water,  to  ascertain  that  the  forces  re¬ 
corded  by  the  mechanical  gages  were  not  attributable 
solely  to  the  weight  of  the  hanging  mat.  To  estimate 
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Table  2 

Summary  of  Two-Gage  Coiinecfion  Force  Measurements 


i.ucatiun 

Date 

Mat 

Launeli 

Individual  Oage 

Total 

Number 

Barge 

Forces  (kips) 

I'orce 

1 

3 

(kips) 

Mariluinl,  I.A 

22  OlI  72 

15 

Vicksbiire 

1.65 

1.6 

3.25 

Murcluinl,  I.A 

22  Ocl  7.1 

15 

Vicksburg 

2.2 

1.9 

4.10 

Marchant,  I.A 

22  Ocl  7.1 

IS 

Vieksbure 

2.4 

1.3 

3.70 

Marilianl,  I.A 

22  Ocl  7.1 

16 

Vieksburf; 

2.5 

1.7 

4.20 

Marcliant,  I.A 

22  Ocl  7.1 

16 

Vieksburjt 

2.3 

2,0 

4.30 

Alk'rulaU',  I.A 

26  Ocl  73 

7 

Vicksbure 

3.15 

3,75 

6.90 

('Docliii.',  I.A 

1  2  Nov  73 

12 

Vicksburi; 

2.4 

2.3 

4.70 

('(im’liio.  1  A 

1  3  Nov  73 

19 

Vitksburj; 

2.«5 

3.2 

6.05 

I'l.  Droc/L'.  I.A 

1  .S  Nov  73 

19 

Vicksbure 

2.7 

2,5 

5.20 

I’l.  lircivc.  I.A 

1  5  Nov  73 

20 

Vicksbure 

2.9 

2.15 

5.05 

I’l.  HrOL'/c.  I.A 

1  .S  Nov  73 

21 

Vicksbure 

2,5 

1.4 

3.90 

l‘l.  IMcasanl,  I.A 

4  Dec  73 

4 

Meiuphis 

5+ 

5 

10,0 

I’l.  l’lua,ant,  I.A 

4  Dec  73 

4 

Memphis 

2.75 

I.I 

3.85 

I’l.  I’leasaiil,  I.A 

4  Dec  73 

5 

Memphis 

2.5 

2.7 

5.20 

I’l.  I’lcasanl,  I.A 

,S  Dec  71 

II 

Memphis 

0,9 

0.95 

1.85 

I’l.  I’lcasanl,  I.A 

-S  Dec  73 

12 

Memphis 

3.3 

2.25 

5.55 

I’l.  I’Il- . It,  I.A 

.S  Dec  73 

12 

Memphis 

.1,9 

1.4 

5.30 

I’l.  I’Icasaiil,  I.A 

5  Dec  73 

13 

Memphis 

2.05 

I.S 

,1.85 

I’l.  I'leasanl ,  1  A 

6  Dec  73 

17 

Memphis 

3.5 

2.95 

6.45 

I’t.  I’lcasanl,  I.A 

6  Dec  73 

17 

Memphis 

1.6 

0.75 

2.35 

Average; 

4.79 

Standard  Devialion; 

1 .70 

Table  3 

Summary  of  Three-Cage  Connection  Force  Measurements 

Location 

Date 

Mat 

Launch 

Individual  Oage  Forces 

Total 

Smallest  Force 

Number 

Barge 

Force 

‘/i  C  large 

1 

2 

3 

forces 

Burnside,  I.A 

19  Oct  73 

23 

Vicksburg 

1.25  K 

1.4  K 

1,6  K 

4,25  K 

0.83 

Marcliant.  1  A 

22  Oct  73 

14 

Vicksburg 

3.1 

2,0 

2.15 

7.25 

0.75 

Allendale,  I.A 

25  Oct  73 

1 

Vicksburg 

2.8 

1.8 

2.0 

6.60 

0.75 

Allendale,  I.A 

26  Oct  73 

7 

Vicksburg 

2.15 

1.65 

1.9 

5,70 

0.81 

Baleshed,  MS 

7  Nov  73 

6 

Memphis 

2.9 

2.1 

2.2 

7.20 

0.82 

(  oochie,  LA 

12  Nov  73 

12 

Vicksburg 

1.8 

1,75 

1.65 

5.20 

0.93 

Coochic,  LA 

13  Nov  73 

19 

Vicksburg 

2.5 

2,15 

2.5 

7,15 

0.86 

Pt.  Breeve,  LA 

15  Nov  73 

18 

Vicksburg 

1.65 

0.5 

2.05 

4.20 

0.27 

I’t,  Breeze,  LA 

15  Nov  73 

19 

Vicksburg 

1.9 

2.0 

1.8 

5.70 

1.00 

Pt.  Pleasant,  LA 

4  Dec  73 

4 

Memphis 

1,3 

3.7 

0.5 

5.50 

0.20 

Pt.  Pleasant,  LA 

4  Dec  73 

4 

Memphis 

2.95 

5+ 

5 

1 2.95 

0.59 

Pt.  Pleasant,  LA 

4  Dec  73 

5 

Memphis 

1,9 

1.7 

2.3 

5.90 

0.81 

Pt.  Pleasant,  LA 

5  Dec  73 

11 

Memphis 

3.6 

1.8 

4 

9,40 

0.47 

Pt.  Pleasant,  LA 

5  Dec  73 

12 

Memphis 

1.65 

0.5 

0.75 

2.90 

0.42 

Pt.  Pleasant,  LA 

5  Dec  73 

13 

Memphis 

2.4 

2.1 

1.3 

5.80 

0.20 

Pt.  Pleasant,  LA 

5  Dec  73 

13 

Memphis 

4.3 

1.1 

0.55 

5.95 

0.58 

Pt.  Pleasant,  LA 

5  Dec  73 

14 

Memphis 

3.5 

5+ 

3 

11.50 

0.71 

Pt.  Pleasant,  LA 

5  Dec  73 

14 

Memphis 

2.0 

.95 

2.4 

5.35 

0.43 

Pt.  Pleasant,  LA 

6  Dec  73 

17 

Memphis 

3.2 

1.65 

1.9 

6.75 

0.65 

Pt.  Pleasant,  LA 

0  Dec  73 

17 

Memphis 

2.25 

2.1 

1,3 

5.65 

0.60 

Average: 

6.55 

0.63 

Stundaid  Deviation: 

2.43 

0.24 
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the  total  force  at  the  connection  for  the  case  of  one 
square  submerged  in  water,  tlic  simple  calculation  il¬ 
lustrated  in  figure  13  was  performed,  with  the  follow¬ 
ing  assumptions; 

1 .  A  fixed  support  is  representative  of  the  con¬ 
straint  conditions  at  the  river  surface 

2.  A  free  support  is  representative  of  the  con¬ 
straint  conditions  at  the  river  bottom 

3.  Fluid  pressure  and  frictional  forces  are  negligible 

4.  Inertial  forces  are  negligible 

5.  The  launch  cable  stiffness  is  many  times  greater 
than  the  bracket  wire  stiffness 

6.  The  blocks  of  the  square  are  rigid. 

On  the  basis  of  these  assumptions  the  solution  to  the 
problem  was  simplified  to  one  equation  with  one  un¬ 
known.  Laboratory  tests  indicated  that  the  longitudi¬ 
nal  stiffness  of  an  individual  end-twist-tie  connection 
was  approximately  8869  Ib/in  and  the  longitudinal 
bracket  wire  stiffness  was  about  5200  Ib/in.  Also, 
field  data  from  the  initial  phase  of  the  test  program 
indicated  that  when  all  three  longitudinal  wires  were 
connected  by  mechanical  gages  at  the  connection  be¬ 
tween  squares,  the  third  gage  recorded  only  about  50 
percent  of  the  average  force  recorded  by  the  other 


gages.  It  was  consequently  assumed  that  the  total 
longitudinal  wire  connection  stiffness  was  about  2  1/2 
times  the  individual  stiffness.  Using  these  numerical 
values,  solving  the  single  equation,  and  back-substi¬ 
tuting  the  result  to  calculate  the  forces,  it  was  deter¬ 
mined  that  the  total  end-twist-tie  connection  force 
would  be  about  571.0  lbs  and  the  total  bracket  wire 
force  would  be  about  133.8  lbs.  While  both  these 
values  appeared  reasonable  because  they  did  not  con¬ 
tradict  the  observed  field  data,  it  was  realized  that; 

1.  If  the  launch  cable  stiffness  were  included,  the 
forces  in  the  longitudinal  wires  would  increase 

2.  If  more  squares  were  added,  the  weight  of  the 
suspended  model  would  increase  and  the  forces  carried 
in  the  longitudinal  wires  would  consequently  increase 

3.  To  determine  how  the  forces  were  distributed 
among  the  launch  cable,  bracket  wires,  longitudinal 
wires,  and  longitudinal  connection  wires  (end-twist- 
tic  connection),  a  more  refined  model  was  required 
that  C'uld  be  used  to  investigate  the  impact  of  changes 
in  number  and  size  of  longitudinal  wires.  Figure  14 
illustrates  the  more  refined  model  that  was  developed. 


ACTUAL  ASSUMPTIONS  MODEL 


fg  In  FmXCTKMt 


Figure  13.  Simple  force  distribution  model. 
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The  model,  consisting  of  40  block  sysleiiis,  repre¬ 
sents  the  force  dist'ibiition  in  four  scpiares  of  mattress 
hanging  in  water  M  a  deptli  of  100  feet  or  more.  As 
seen  in  Figure  14,  each  system  is  made  up  of  two  rec¬ 
tangular  blocks  weighing  ‘>5.5  lbs.  The  various  springs 
represent  the  different  wires  throughout  the  mattress. 
The  vertical  spring  with  stiffness  K|  connects  each 
block  system  and  is  repre.sentative  of  the  launch  cable 
stiffness.  The  bracket  .vires,  which  pass  through  the 
coiiciclc  bfucks  Idiiludmally  and  aie  coiinecicd  to  ilit 
launch  cable  longitudinally,  are  represented  by  the  vet- 
'*>' K  -  •'.ru'il  ',11  'U- 

bracket  wire  longitudinal  stiffness.  These  springs  are 
mutually  connected  within  each  block  system,  and 
have  the  launch  cable  spring,  K] ,  at  a  common  point. 

After  every  tenth  block  system,  which  represents  a 
s;|uarc,  the  following  block  system  is  connected  by  a 
spring  with  a  stiffness,  K^,et|ual  to  the  total  connec¬ 
tion  wire  stiffness  in  the  actual  mattress.  T^ie  other 
systems  are  all  connected  by  a  veiiical  spring,  K^, 
which  joins  the  center  of  the  upper  block  of  eacli 
system  to  the  lower  block  of  the  system  above  it. 
represents  the  total  stiffness  of  the  longitudinal  wires 
embedded  in  the  con  TCte  blocks. 

The  assumptions  for  this  antilysis  are  similar  to 
those  for  the  simple  force  distribution  analysis,  except 
that  in  this  multi-S(.|uare  force  distribution  model,  the 
launch  cable  stiffness  and  the  longitudinal  wire  stiff¬ 
ness  are  included,  and  the  forces  in  these  wires  are  de¬ 
termined.  In  the  niulti-s(|uare  force  distribution  model 
the  submerged  weight  of  the  concrete  blocks  causes 
each  spring  to  displace,  creating  a  force  which  is  rep¬ 
resentative  of  the  actual  forces  induced  in  the  wires  of 
the  mattress.  A  series  of  simultaneous  etjuilibrium 
equations  was  developed  based  on  the  displacei  lents  of 
the  springs.  A  computer  program  was  then  written 
which  solved  the  equations  by  the  Gauss  Fliminaiion 
method  and  then  calculated  the  forces  in  each  spring. 

The  analysis  of  the  multi-square  force  distribution 
model  can  be  divided  into  three  cases.  liach  case  cal¬ 
culated  the  total  forces  which  would  occur  in  the 
launch  cable,  bracket  wires,  longitudinal  wires,  and 
end-twist-tie  connections  for  (1)  a  three-longitudinal- 
wire  system,  (2)  i  two-longitudii'.al-wire  system,  and 
(3)  a  one-longitudi,ial-wire  system.  The  thrce-longitudi- 
nal-wire  system  represents  the  mattress  in  its  original 
configuration  with  three  longitudinal  wires;  the  two- 
longitudinal-wirc  system  represents  deletion  of  one  of 
the  three  longitudinal  wires;  and  the  one-longitudinal- 


wirc  system  represents  deletion  of  two  of  the  three 
longitudinal  wires. 

The  launch  cable  stiffness  and  bracket  wire  stiffness 
were  constant  in  all  three  cases.  However,  in  the  first 
case,  stillnesses  representative  of  0.162-in.  diameter 
wire  were  used  for  the  longitudinal  wire  springs,  and 
.stiffnesses  representative  of  the  end-twist-tie  wire  were 
used  foi  the  end-twist-tie  connection  springs.  In  case 
two,  >lit1iii;5SLs  tl |ntaeiitutiVc  ot  U.14liTi.  dfamctcr 
wire  were  used  for  the  longitudinal  wire  springs  and  the 
sUtiiu-iid,-,  o'  Ur-'  n - 

mained  the  same.  The  Tmal  case  also  used  stiffnesses 
representative  of  the  0.1 41 -in.  diameter  wire;  however, 
the  stiffnesses  of  the  end-twist-tie  connection  spring 
were  leduced  by  21  percent  to  simulate  the  use  of 
smaller  diameter  end-twist-tie  connection  wires.  The 
values  of  the  different  spring  constants  for  these  three 
cases  are  piesented  in  Table  4. 

The  spring  constant  K  |  is  representative  of  the  stiff¬ 
ness  ot  a  30-in.  length  of  3/8-in.  diameter  launch  cable 
and  was  determined  Ifom  actual  test  data.  K-,  repre¬ 
sents  the  values  determined  from  the  longitudinal 
bracket  wire  tests  on  copper-clad  wire.  The  values  for 
are  integer  multiples  of  the  number  of  longitudinal 
wires  u.sed  in  the  system  except  for  the  three-wire 
system,  in  which  was  taken  to  be  2.63  times  the 
individual  end-twist-tie  connection  wire  stiffness,  as 
discussed  earlier.  The  stiffness  values  of  K^,  the  longi¬ 
tudinal  wire  stiffness,  were  multiples  of  the  number  of 
longitudinal  wires  in  the  system  times  the  average  stiff¬ 
ness  of  a  1 5-in.  length  of  longitudinal  wire. 

Results  from  the  refined  force  distribution  model 
arc  presented  in  Figures  15  througli  20.  Figures  15 
through  1 7  are  plots  of  the  launch  cable  forces  and  the 
longitudinal  wire  forces  for  cases  1,  2,  and  3,  respec¬ 
tively.  These  plots  show  that  the  forces  in  the  launch 
cable  and  longitudinal  wires  increase  approximately 
linearly  with  depth.  The  slight  cus))ing  effect  is  due  to 
the  transfer  of  forces  between  the  iaunch  cable  and  the 
longitudinal  wire  througli  the  bra  ;ket  wires.  (For  clari¬ 
ty,  the  data  points  between  the  cusps  were  deleted.)  It 
should  be  noted  that  as  the  number  of  longitudinal 
wires  is  decreased  within  a  given  case,  the  launch  cable 
takes  up  more  of  the  load. 

Figures  18  through  20  are  plots  of  the  forces  in 
the  bracket  wires  for  cases  1,  2,  and  3,  respectively. 
The  forces  in  the  bracket  wires  are  seen  to  fluctuate 
within  each  square  of  the  10-block  system.  It  can  also 
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BLOCK  SYSTEM  I 


K,  =CABLE  STIFFNESS 

Kz  =  BRACKET  WIRE  LONGiTUPiNAL  STIFFNESS 
Ks  =  TOTAL  CONNECTION  WIRE  STIFFNESS 
K4=T0TAL  LONGITUDINAL  WIRE  STIFFNESS 

*K3  appears  after  every  10  th  BLOCK  SYSTEM 


Figure  14.  Multi-square  force  distribution  model. 
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Table  4 

Spring  Constants  for  Force  Distribution  Model 


Ca.se 

Longitudinal  Wires 

Spring  Constants 

s 

(Ib/in.) 

■<4 

3 

61261. 1 

2600.0 

221  72.0 

105000.0 

1 

2 

61261. 1 

2600.0 

17737.0 

70000.0 

1 

61261. 1 

2600.0 

«S6S.K 

35000.0 

3 

61261.1 

2600.0 

22172.0 

S2960.5 

2 

2 

61261. 1 

2600.0 

1  ■'737.0 

55307.0 

1 

61261  1 

2600.0 

8X68.K 

27653.5 

3 

61261. 1 

2600.0 

I7.SI8.I 

82960.5 

3 

2 

61261.1 

2600.0 

I40I4.I) 

55307.0 

1 

61261.1 

2600.0 

7007.2 

27653.5 

be  seen  that  the  bracket  wires  interact  witli  the  launch 
cable;  as  tbe  launch  cable  forces  increase  and  decrease, 
so  do  the  bracket  wire  forces. 

The  total  forces  in  the  end-twist-tie  connection  wire 
and  the  bracket  wires  of  the  simple  free  distribution 
model  are  slightly  less  than  those  in  the  multi-square 
force  distribution  model,  although  the  two  models  arc 
in  reasonable  agreement.  For  the  multi-square  force 
distribution  model  at  the  tenth  block  system  of  case  1 
for  three  wires,  the  total  bracket  wire  force  was  157.76 
lbs  and  the  total  connection  wire  force  v/as  725.78  lbs. 
This  compares  to  133.8  lbs  in  the  bracket  wires  and 
571.0  lbs  in  the  connection  wires  for  the  simple  force 
distribution  model. 

The  plot  presented  in  Figure  21  was  developed  to 
check  the  results  of  the  multi-sc|uare  distribution 
model  against  the  observed  field  data.  The  water  depth 
at  the  time  of  launching  of  the  various  two-  and  three- 
mechanical-gagc  configurations  used  to  acquire  the 
data  for  the  initial  portion  of  this  analysis  was  estima¬ 
ted  from  notes  taken  during  the  launching  operations 
and  some  interpolation.  The  various  data  points  in 
Figure  21  were  plotted  from  the  sum  of  the  two-  and 
three-wire  forces  recorded  by  the  mechanical  gages, 
and  the  estimated  water  depth.  For  comparison,  l-igure 
21  also  contains  the  estimated  total  end-twist-tie  con¬ 
nection  force  predicted  by  the  multi-square  force  dis¬ 
tribution  model  of  the  orignial  mat  design.  A  compari¬ 
son  of  the  average  total  connection  force  for  the  two- 
and  three-gage  configuration  and  the  result  of  the  multi¬ 
square  force  distribution  model  indicates  the  weight  of 
the  hanging  mattress  should  not  influence  the  peak  con¬ 
nection  forces  recorded  by  the  mechanical  gages,  since 
all  the  observed  field  data  plot  above  the  force  levels 
predicted  by  the  model.  Furthermore,  the  mats  have  to 


have  been  launched  in  1  56  to  230  ft  of  water  for  the 
weight  of  the  hanging  mat  to  exceed  the  peak  forces  in¬ 
duced  when  the  mat  traverses  the  curvature  of  the 
launch  finger  apron. 

To  evaluate  results  rrf  the  multi-square  force  dis¬ 
tribution  model,  the  maximum  forces  in  the  launch 
cable  spring,  the  two  longitudinal  wire  springs,  and  the 
end-twist-tie  connection  were  selected  from  each 
system  for  the  three  different  cases,  and  stresses  and 
factors  of  safety  were  calculated  for  each  wire.  Tables 
5  and  6  show  these  results.  For  these  calculations, 
20,000  lbs  was  used  as  the  ultimate  load  capacity  of 
the  cable  as  determined  by  laboratory  tests,  4200  lbs 
and  3350  lbs  were  used  as  the  ultimate  load  capacity  of 
the  0.162-  and  0.141-in.  diameter  wires,  respectively; 
3550  lbs  was  used  for  the  ultimate  load  capacity  of 
end-twist-tie  connection  wire.  Table  4  shows  that  for 
each  case,  the  factor  of  safety  is  greater  than  2  and 
tends  to  decrease  as  the  number  of  longitudinal  wires 
decreases.  A  more  balanced  factor  of  safety  is  observed 
lor  case  3  with  two  longitudinal  wires;  for  this  combi¬ 
nation  the  average  factor  of  safety  is  3.30  and  the 
standard  deviation  is  0.14.  However,  in  considering  the 
factors  of  safety,  it  should  be  remembered  that  fluid 
and  inertial  forces  were  considered  negligible  in  the 
model  and  that  the  factor  of  safety  is  based  on  an 
average  launch  depth  of  100  feet. 

Table  6  presents  the  stress  levels  associated  with  the 
peak  force  levels  predicted  by  the  multi-square  force 
distribution  model  with  the  exception  of  the  end-twist- 
tie  wires.  Stresses  were  not  calculated  for  the  end-twist- 
tie  wire  because  the  area  to  be  used  in  the  calculation 
was  indeterminate.  Results  in  Table  6  indicate  that 
ail  stre.sses  are  within  acceptable  levels. 
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Table  5 

Factors  of  Safety 


Number  of 

Lungituilinal 

Wires 

Case  1 

Case  2 

Case  3 

Wires 

Inlerb'oek 

3.47 

3.10 

3.18 

Cabl- 

•-.17 

4.00 

3.83 

til  /ck-to-lilock 

3.43 

.3.04 

3.1.3 

3 

I'ad- Twist- fie 

3.67 

3.97 

3.83 

Average  T.  .S. 

3,69 

3.53 

.3.49 

.Standard  Deviation 

0.34 

0.53 

0.39 

Interblock 

3.48 

3.16 

3.25 

Cable 

3,74 

.3.61 

3.49 

lilock-tn-Hloek 

3.41 

3.08 

3.17 

2 

'md-'Twist-Tie 

3.09 

3.37 

3.28 

Average  1  .  S. 

3.43 

3.31 

3.30 

Standard  Deviation 

0.27 

0.24 

0.14 

Interblock 

2.86 

2.70 

2.76 

Cable 

3.16 

3.10 

.3  04 

Hloek-lo-Block 

2.75 

2.57 

2.62 

1 

Tnd-Twfsl -Tie 

2.70 

2.96 

2.96 

Average  T.  S. 

2.87 

2  83 

2.85 

Standard  Deviation  0.21 

Table  6 

Maximum  Stress  (ksi) 

0.24 

0.19 

Number  of 

Longitudinal 

Wire 

Case  1 

Case  2 

Case  3 

Wires 

Interblock 

48.9 

57.7 

56.2 

1 

Cable 

59.8 

62.5 

65.2 

lilock-lo-lilock 

49.5 

58,8 

57.2 

InterblocK 

58,5 

67,8 

65.9 

2 

Cable 

66,7 

69.2 

71.4 

Hlock-to-lllock 

59.5 

69.5 

67.5 

Interblock 

71.1 

79.4 

77.7 

3 

Cable 

79.1 

80.5 

82.2 

Bloek-to-liloek 

74.0 

83.4 

81.7 

Cable  Longitudinal  Wires 

fpu-  250  ksi  0.162 

0.141 

.8  fpu  =  200  ksi  fpu  =  204  ksi 

fpu  =  2 1 5  ksi 

pii  =  20  k  pu  =  4.2  k 

pu  =  3.35  k 

The  bending  stresses  within  the  concrete  blocks 
were  also  calculated.  For  each  of  the  three  wire  sys¬ 
tems  analyzed,  the  highest  differential  between  the 
longitudinal  wires  at  the  top  and  bottom  of  the  con¬ 
crete  block  model  was  chosen.  The  block  was  then 
idealized  as  a  simply  supported  beam  with  either 
three-,  two-  or  one-point  loads  depending  on  the  num¬ 
ber  of  longitudinal  wires.  The  maximum  moment  at 
the  center  line  was  then  obtained  for  the  given  load 


condition  and  the  oending  stress  was  calculated.  The 
values  for  the  bending  stress  were  very  low  (less  than 
15  psi)  in  each  •  ystem  and  were  not  considered  to  have 
much  inlluence  on  the  overall  analysis.  Therefore,  they 
can  be  disregarded. 


5  CONCLUSIONS 

Based  on  observed  Held  data  and  analyses,  the  fol¬ 
lowing  ctrnclusions  can  be  drawn; 

1 . 1'or  the  condition  assumed,  it  appears  structurally 
feasible  to  change  to  a  system  employing  two  0.162-in.- 
diaineter  longitudinal  wii-es,  with  an  appropriate  reduc¬ 
tion  ill  the  eiul-twisl-tie  and  bracket  wire  diameters. 

2.  The  maximum  longitudinal  wire  forces  on  either 
the  Memphis  or  Vicksburg  sinking  plant  are  essentially 
the  same  and  are  produced  by  the  angle  change  associa¬ 
ted  with  the  mat  Iraver.sing  the  launch  finger.  The  mag¬ 
nitude  of  this  force  is  about  2.55  kips/wire. 

3.  One  end-twist-tie  connection  is  only  about  63 
percent  as  effective  as  the  average  of  the  other  two 
connections. 


6  RECOMMENDATIONS 

1 .  Several  squares  of  mat  should  be  placed  using 
only  two  0.162-in.  diameter  longitudinal  wires;  the  ex¬ 
isting  end-lwisi-iie  wire  and  the  launching  operation 
should  be  carefully  monitored  to  ascertain  if  any  diffi¬ 
culties  are  encountered.  If  no  difficulties  are  encoun¬ 
tered,  it  is  recommended  that  several  three-wire  squares 
with  0.141-in.  diameter  fabric  be  launched  the  follow¬ 
ing  season.  If  this  operation  is  successful,  two-wire  test 
squares  with  0.141-in.  iliameter  fabric  should  then  be 
launched. 

2.  The  angle  change  associated  wiiii  ‘he  launch  fin¬ 
ger  should  be  reduced  to  less  than  about  20°  cither  by 
changing  the  radius  of  the  launch  finger  or  retracting 
the  launch  finger  into  the  launch  plant  a  greater  distance. 

3.  Further  testing  and  analysis  should  be  performed 
to  achieve  a  comprehensive  understanding  of  the  entire 
mat  sysiicm,  including  launch  cables  and  shore  anchors, 
to  determine  if  materials  use  and  economic  benefits 
can  be  further  optimized. 
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Figure  16.  Launch  cable,  longitudinal  wire  and  end-twist-tie  forces  for  case  2 
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Figure  18.  Bracket  wire  forces  for  case  1 
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Figure  19.  Bracket  wire  forces  lor  case 
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Figure  21 .  Total  end  lwist-tie  connection  vs.  river  depth. 
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APPENDIX  A:  MATTRESS  GEOMETRY  AND 
TERMINOLOGY 

The  mattress  eoiirigiirutiun  used  in  the  Held  tests  is 
sliDwn  in  Figures  A I  and  A2. 

The  term  “si|uarc”  refers  to  a  basic  assembly  of 
twenty  46  1/4  in.  x  14  in.  ennerete  blocks  cast  with 
corrosion-resistant  wire  fabric  which  lUns  laterally  and 
longi.udinally  and  forms  a  slructurc  with  overall  di¬ 
mensions  of  25  ft  X  4  ft  X  3  ill.  The  lateral  wires  are  re- 
leiT'.'d  to  as  "bracket”  wires. 

These  S(|uares  are  assembled  into  an  articulated  ar¬ 
ray  by  connecting  the  longitudinal  end  loops  (detail  B, 
Fig  A2)  and  the  bracket  wares  (detail  .S,  Fig  Al).  A 
pneumatic  wrapping  tool  is  used  to  make  the  mechani¬ 
cal  ties. 


The  articulated  system  is  assembled  on  the  mat  sink¬ 
ing  unit  to  form  a  mattress  which  is  an  array  of  L  x  .S; 
L  =  number  of  launches  (length)  and  S  =  number  of 
squares.  The  leiin  "launch”  refers  to  a  row  of  si|uares 
which  may  be  35  wide. 

Figure  A.3  is  an  overview  of  the  launch  operation, 
showing  the  sr|uares  connected  in  the  hori/.ontal  ilirec- 
tion.  The  water  ilepth  and  river  bottom  grade  deter¬ 
mine  the  number  of  launches  (length)  ol  a  particular 
mattress. 

Laiin.h  numbers  start  at  the  shore  and  increase  as 
placement  proceeds  out  into  the  channel.  Square  num¬ 
bers  start  at  the  mooring  barge  (upstream  edge  ex¬ 
treme  left.  Figure  A.3)  and  increase  downstream;  square 
number  one  is  always  farthest  upstream. 
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Figure  Al.  Test  mattress  and  mechanical-manual  tie  wraps  for  20-block  square 
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Figure  A2.  End  twist  connections  for  three  longitudinal 


Figure  A3.  Overview 


APPENDIX  B:  DISCUSSION  OF  GAGFS 

('I'.RI.  hcj:;in  dcvi'lopmciil  ot  ilic  iiici.li.ink;il  page  in 
April  l‘)72,  using  a  iiiiic-siiuaie  lesi  luai  asscniblcil  al 
lire  laboiaimy.  Hie  pi()l(i'.>pe  gage  was  lesieil  al  ken- 
ineky  I’uinl.  KY,  on  12  Sepieinbei  I')’.'  and  was  ihen 
inoiliHed  III  I'aeililate  field  iuslallaiion. 

In  opeialion,  the  gage  is  msialled  ni  plaee  of  the 
usual  lueelianieal  eonueelioii  al  Ibe  loealioii  on  ibe  inal 
where  a  foree  measureineni  is  desiied.  l  oi  braekel  wire 
iiieasuieiiieuls  the  wire  wrap  is  leplaeed  wilb  lire 
braekel  ware  gage;  for  loiigiludiiial  wue  ineasureinenis 
llie  longiludinal  gage  is  insialled  Mislead  ol  the  iongiiu- 
diual  eiul-lwisl-lie  link.  The  wires  piess  againsi  lire  soil 
brass  beveled-edge  '‘largel”  as  lire  ui.  I  is  launebed;  llie 
depib  Ilia'  llie  wires  peiieirale  ilie  largel  is  a  measure 
of  the  inaxiMUim  foree  llial  oecurred  al  ihal  loealion  in 
llie  inaltress  during  the  launehiug  opeiaiioii. 

T'igure  B1  shows  the  gage  coiiligiiialion  lor  Iongiiu- 
diual  wire  measuremenis  aiul  figure  U2  shows  lire  eon- 
figuralion  for  braekel  wire  uicasuieinenis  (the  seini- 
eireular  notcli  is  to  aeeoiniiiodaie  the  launeh  cable). 

The  largel  remains  In  place  uniil  ii  is  leliieved, 
cither  while  the  mal  is  on  ihe  iiver  boiioin  or  al  an 
earlier  lime.  The  retrieval  nieehanisni  is  shown  in 
figure  A.I.  The  assembled  gages  (I  iguic's  UI  and  U.si 
arc  held  logeiher  by  the  "T”  link,  when  this  is  pulled 
off  by  the  retrieval  line  llie  gage  sides  swing  aside  and 
release  the  largel.  which  is  reeovererl  with  the  re¬ 
trieval  line. 

(lages  are  calibrated  by  applicaiion  ol  a  known 
foree  through  a  wire  conllguration  which  leproduces 
the  load  geometry  occurring  on  the  fabric  wire  in  Ihe 
mal.  The  resultant  target  iiuleniation  is  optically 
measured  lo  piovide  a  calibration  curve  of  large!  in- 
dentalion  versus  applied  load.  The  loads  are  carefully 
applied  lo  ihe  calibration  specimens  so  that  a  clear 
target  iiuleniation  is  oblained. 

Indented  targets  oblained  Iroir  neld  tests  are  mea¬ 
sured  in  the  same  manner  to  establish  the  applied  load. 
The  penetration  depth  is  taken  as  the  perpendicular 
distance  of  penetration  from  the  undisturheil  gage  pro¬ 
file  line  (figure  U4).  In  the  case  of  light  loads,  the  in¬ 
dentation  mark  obtained  in  the  licid  is  usually  c|uile 
clean  and  appears  lo  be  identical  lo  the  calibration 
specimens.  Where  loads  are  3000  lbs  or  more,  however, 
the  targets  oflen  have  other  dcformalion  which  results 
from  gage  frame  distortions  as  described  below. 


Accurate  lueasurcmenl  with  this  gage  re(|uires  a 
soliil  siippoiting  frame  beneath  the  largel  so  that  the 
applied  forces  inoducc  indentation  in  the  kmie  edges 
of  the  laigel  rather  than  distortion  and  bending  of  Ihe 
target  male  rial 

The  original  gage  frame  (figure  U.Hhad  a  measured 
load-carrying  capability  in  excess  of  3600  lbs  foi  sus¬ 
tained  loails.  Uecause  ol  problems  insialling  this  gage 
in  the  resiricleil  space  between  sr|uaies  in  the  field,  ihe 
liaiiie  was  modified  in  1672  lo  perinil  easier  inslalla- 
tion.  The  modification  essentially  involveil  changing  a 
boll  hole  into  a  slot  so  Ihal  one  side  membei  coulil  be 
installed  after  the  balance  of  the  fr:  me  was  in  the  pro¬ 
per  position  (figure  U6).  This  modifiealion  weakened 
the  gage  frame  and  con.set|uently  reduced  the  gage 
capacity  for  sustained  loads.  I'ailure  of  Ihe  gage  frame 
occurreil  in  ihe  slotted  section  (figure  U7).  The  re¬ 
sults  ohiained  in  1672  and  1673  with  both  the  molli¬ 
fied  and  unmodified  gages  indicated,  however,  that  the 
strength  of  Ihe  modified  gage  was  adeiiuale  foi  most  of 
Ihe  measuremenis  taken. 

It  should  be  stressed,  however,  that  despite  the 
modified  gage's  reduced  load  capacity,  it  provided 
other  valuable  infoioialion  relative  to  mat  behavior.lt 
has  been  observed  in  testing  under  lahoiaiory  calibra¬ 
tion  conditions  that  there  is  a  finite  time  ol  failure  of 
the  gage  frame  al  loads  which  may  be  as  low  as  1 .300 
lbs.  The  slolled  hole  section  deforms  relatively  slowly; 
thus,  Ibis  gage  configuration  has  a  cerlain  lime-depen¬ 
dency  of  life  and  load.  If  the  loads  are  applied  i|uickly 
and  relieved  ijuickly,  the  gage  is  capable  of  measure¬ 
menis  significanlly  in  excess  of  1500  lbs.  The  gage 
l.ame  capacily  under  relatively  rapid  loads  has  been 
measured  to  at  least  2400  lbs  without  frame  failure  or 
severe  distortion.  The  maximum  load  measured  with 
frame  failure  under  particular  testing  conditions  was 
2700  lbs.  Phis  value,  however,  should  not  be  taken  as 
a  meaningful  upper  bound  in  that  the  load  application 
rate  was  neither  rigorously  controlled  nor  excessively 
high.  Under  sustained  loads,  the  gage  can  be  observed 
to  fail  (|uite  slowly,  in  the  order  of  a  few  seconds, 
finally,  it  should  be  rioted  that  these  effects  are  not 
perfectly  rcprodueable.  The  capacity  of  the  gage  is 
critically  dependent  on  the  frame  geometry  and  manu- 
facluring  tolerances,  because  the  effective  lever  system 
of  the  gage  puts  approximately  60  percent  of  the  ap¬ 
plied  force  on  the  slotted  hole,  force  on  the  target  is 
not  geometry-dependent. 

(lagc  measurement  tabulations  have  shown  that 
some  units  indicated  loads  in  excess  of  the  1500-lb 
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Figure  B2.  Bracket  wire  gage 


value -which,  if  sustained,  would  have  produced  gage 
failure.  To  better  evaluate  these  readings,  the  target  in¬ 
dentations  were  read  and  each  target  was  inspected  for 
deformation  of  the  general  sliape.  Such  deformation 
was  observed,  primarily  in  the  extremities  of  the  target 
legs.  If  the  frame  fails  or  is  in  the  process  of  failing, 
separation  of  the  target  tips  or  leg  ends  must  occur.  As 
the  target  tip  deforms,  the  indentations  lose  their  pre¬ 
cise  calibration  because  of  sheering  action  and  rota¬ 
tional  effects  of  the  wire  and  the  change  in  geometry 
of  the  effective  target  area  for  the  wire. 

Since  the  indentations  obtained  in  field  testing  were 
larger  than  desirable  for  precise  calibration,  all  targets 
were  inspected  for  gross  deformation  of  one  or  both 
target  tip  ends.  All  targets  in  the  1973  series  were  also 
inspected  for  gross  physical  distortion  of  the  target, 
and  to  determine  if  one  or  both  tips  were  deformed.  If 
a  single  side  of  the  target  was  deformed  and  the  second 
side  retained  its  original  geometry  (Figure  B8)  it  was 
assumed  that  the  gage  at  least  partially  failed,  but  that 
during  this  time  the  load  was  still  being  carried  proper¬ 
ly  by  the  tip  which  did  not  show  distortion  or  bending. 
The  straight  tip  retained  its  proper  back  support  and. 


therefore,  the  load  values  determined  from  it  should  be 
valid.  If  gross  gage  failure  occurred,  due  either  to  ex¬ 
tremely  high  or  sustained  loads,  then  both  tips  would 
be  significantly  distorted  upon  total  failure  of  tie 
frame,  since  both  would  lose  their  back  support.  These 
effects  have  been  verified  in  the  laboratory.  As  de¬ 
scribed  earlier,  the  target  condition  after  recovery  indi¬ 
cated  the  validity  of  the  load  values. 

In  summary,  one  can  reasonably  accept  those  values 
shown  where  at  least  one  leg  of  the  target  remained 
straight  or  was  deformed  minimally.  When  both  legs 
were  severely  bent  and/or  the  target  was  badly  .le- 
formed,  the  results  are  questionable. 

In  cases  where  only  one  leg  was  deformed  while  the 
other  remained  straight,  one  can  conclude  that  the  in¬ 
dicated  loads  did,  indeed,  exist  long  enough  to  cause 
frame  failure. 

There  are  also  cases  where  loads  of  significant  mag¬ 
nitude  (3  to  4  kips)  were  measured,  but  gage  frame 
failure  did  not  occur.  It  must  be  assumed  that  these 
were  short-duration  loads. 


Figure  B5.  Original  gage  frame. 
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